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When QG is perturbed by collisions with other molecules, the weak spin-forbidden magnetic dipole traakitjor- X3Eg‘
shows a broad continuum absorption underlying the sharp lines. This collision-induced enhancement absorption plays a role
in the Earth’s atmosphere and much experimental work has been carried out to measure the binary absorption coefficient with
different perturber gases. Recent work on the:- 0 <— v =0 band in @Q—CO, mixtures yielded a value for the coefficient that
was approximately three times that of earlier measurements-elN nixtures. In the present note, we calculate the absorption
theoretically assuming that the long-range quadrupole-induced dipole mechanism is dominant. Using experimental polarizability
matrix elements of C@andab initio results in the literature for the quadrupolar transition matrix element fon@ find good
agreement for @-CO, mixtures without any adjustable parameters. The agreementféi Qs less good, and because of the
much smaller polarizability of Nthan of CQ, we suggest that one has to include a short-range component in addition to the
long-range one treated here. We also calculate the binary absorption coefficiegtGD for which no experimental data are
available, and we synthesize the corresponding spectrum for use in atmospheric modghngacademic Press

1. INTRODUCTION of the calculations for @-CO, and Q—N, and compare our
results to the recent, most accurate experimental results.
The collision-induced fundamental band of oxygen is impoBection 11, we discuss the conclusions of the present study an
tant from a historical as well as a practical viewpoint, becausee modifications necessary to obtain improved agreement fc
the absorption in long-path measurements through the Eartiihg O,—N, and Q—0, cases. Finally, we apply the theory to
atmospherel( 2). Historically, this was the system in whichQ,—H,0 for which no experimental data exist, and by assuminc
collision-induced absorption (CIA) was first identified by Welsla normalized lineshape similar to that calculated for other mole
and co-workers in 194%BJ. Not long after, the enhancement incylar systems, we calculate a synthetic spectrum for absor
thea < X electronic transition was observed. In the interveningon in thev’ = 0 < v = 0 spectral region. This will enable one
years, this absorption has been seen in the sd)idiquid (5), to assess the importance of the CIA in atmospheric processe
and gaseous phasés-10 with a variety of perturbers. For an
overview of collision-induced absorption, the reader is referred
to the excellent monograph by Frommhold).
During this period, there have also been a large number of

ab initio works calculating the spin-forbidden magnetic dipole Because the theory for the isotropic and anisotropic quadrupc
and electric quadrupole transition matrix elements arising frogy contributions to the binary absorption coefficient has beel
spin—orbit mixing of the low-lying electronic state$-19. published previouslyl5—19, we give here only the relevant re-
Although the sharp lines of the < X transition in the low- syits. Neglecting the smallFdependence of the matrix elements,
pressure gas are dominated by the magnetic dipole mechanisis can obtain from the work of Poll and Hugj the following

it will be shown later that the broad CIA spectrum is dominat%kpression in units of cnt amagatz for the integrated intensity

by the quadrupole-induced dipole mechanism. of the isotropic contribution for P (P = CO,, Ny, or H,0)
In Section I, we first briefly review the theoretical calculamixtures:

tion of the binary enhancement coefficient for the isotropic and
anisotropic quadrupolar mechanisms. We then give the details
[ A(w) do
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Il. THEORY

= 4rarndag(0lap|0)(al QIX)5! (B)viso.  [1]
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TABLE 1 as can be seen from the value listed in Table 1. The value
Molecular Data Used for the Calculations for the isotropic polarizability matrix elements for the three
Molecule perturbers are also listed in Table 1. The quadrupole trans

Parameter O CO, N, H,O tion moment(a| Q| X)qg is obtained fromab initio calculation

by Minaev @4) (a|Q|X)=2.1x 1072 eaé multiplied by the

515?‘1’3) 1%2.5; 7i2%%b %?556; %gge square root of the Franck—Condon factor forthe-0 < v =0
{0)ap|0) (ad) 10.87¢ 17.81°  11.74¢  9.92° transition (0.9934)43), giving the result listed in Table 1. Us-
{0]yp|0) (af) 7.30° 13.99°  475¢  -0.024° ing these values, we obtain for the binary absorption coefficien
01QI0) (eag)  ~0264> = —3197°  — _ from the isotropic quadrupole mechanism the valug® 2
(@QIX) (ead) 200 % 1072 — - _ pic quadrupole mechanis e valu

System: 0,00,  0;N;, 0,5,0 10~4 cm? amagat? for 0,—CQ, and 118 x 104 for O,—Ns.

o (ao) 7.196 6.753  6.525 For the anisotropic quadrupolar mechanism, there are thre

e/k (K) 142.4 98.8 189 . )
1(6) x10~4 215 2.86 373 components45), whose squares add incoherently. Following

Tiso 7885 7885 7885 the same procedure as above, we obtain the expression for tl

Waniso 7886 7892 - contribution to the binary absorption coefficient
aRef. (16). 2
b Ref. (0) JA@)do 4% o s 6)ia
¢ Ref glg poor 3 arNgag | (6)waniso
d Ref. (15). 2 2
"Ref. @2 x [§<0|yp|0>2<a|Q|X>2+ 3(01Qp 0R(aly|X)?

In this expressiongo, andpp are the densities in amagaf () 4

is the absorption coefficient in chat frequency» (cm™1), and - g(0| Qrl0)(al Q|X><0|VP|0)<3|V|X)} (5]
the integral is taken over the extent of the (0, 0) band from ap-

proximately 7780 to 8080 cnit. ar is the fine structure constant,yhere

ng is the number density at standard temperature and pressure,

ap is the Bohr radius, antl(6) is the dimensionless integral Daniso = Z P, C(323;; 00y Z P3,C(12; 00y
. 3. .
_ " \/. —6
(6) = 4n /0 eXPL=Viso(X)/ KT]x = dx, [2] x (03,3,(P) + w00 + 03,2,(02). [6]

wherex = R/ap. We have approximated the pair distributionn this expressionJ; and J; are the initial and final rotational
function g(R) by the classical limit, exp{Viso(X)/ kT), where quantum numbers for the pure rotational transition in the per
Viso(X) is the isotropic interaction potential betweep &dP. turber gas, J, andJ;} are the corresponding rotational quantum
The integral can be calculated using a Lennard—Jones modeldambers in @, andwqg is the band center frequency; the “00”
Viso(X) with the parameterfs/k ando calculated using the usualsubscript on the <— X matrix elements has been suppressed.
combining rules. The numerical values used are listed in TableThe values obtained fas,niso are listed in Table 1.
The factorwig, is the intensity-weighted transition frequency  In principle, the value for tha < X matrix element of the
anisotropic polarizability,y, can be obtained experimentally
Wiso = Z w33 P;C(J2J";00Y, [3] fromameasurementof the depolarized Raman intensity, or fror
3 ab initio calculations. To the best of our knowledge, this is not
N ] known. For CQ because the value of the anisotropic polariza-
where the quadrupole transition frequencies foethe Xband pjity is large and comparable to the isotropic polarizability, we
can be approximated from the known spectroscopic constaggeylate the contribution only from the first term in Eq. [5].
(29); C(J2J% OQ) is a Clebsch-Gordan coefficient, and e  \ye obtain 28 x 10-5 cm—2 amagat?, which when added to the
are the normalized Boltzmann factors isotropic result yields the theoretical value82x 10~ cm2
- amagat?. This value is in very good agreement with the exper-
p, = % exp(=Ewt/KT) ’ [4] imental result 203(29)x 10~4 cm~2 amagat? (26). The two
25 93 €xp(=Erot/ KT) terms in Eq. [5] which we neglected may either add or sub-

whereg; are the statistical weights. The numerical value (;faCt from the first term, depending on the sign of the unknowr

— | - 1 (aly|X) matrix element. In any case, because the anisotropi
@iso 1S close to the band-center frequenayo = 7880 cn™, contributions are typically an order of magnitude less than the

isotropic contributions{5-17), we expect that the neglect of

2The dimensionless unitamagat is defined as the ratio of the measured dermf%se two terms will not substantially change the agreement ot
to the density of the standard atmosphere. tained above.
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I11. DISCUSSION AND CONCLUSIONS at 300 K,
Because of the large and isotropic polarizability matrix el- )
ement of CQ, one would expect that the long-range isotropic (0l00,10)"10,—0,(6) ’ [9]
induction mechanism considered above would dominate. This {Olan,10)21 0,—,(6)

assertion is supported by the good numerical agreement ob-

tained between theory and experiment. We note that there is@hnot explain the observed difference. The interference tern
additional additive isotropic contribution to the binary absorgt destructive for GQ-N, and constructive for -0, could par-
tion coefficient whose magnitude is given by tially account for the observed difference.
Second, the observed binary absorption coefficients for th
(vV=1<«v=0) and ¢’ =0« v=1) vibrational bands of the

2

|:<a|Ol02|X><O|QCOZ|O)i| 230x 10-4 a < X transition have values which are comparable to thos
(alQo,|X){0laco,|0) of the @' =0 < v =0) band considered in the present paper.
— 1.7 x 10 2(alao,| X)2 7] This is inconsistent with the Franck—Condon factors for thes
=1 L1 X)2.

transitions, and had lead to the speculation that one must incluc
short-range overlap effectg)(

As noted above, the two anisotropic quadrupolar contribu- Finally, the observed increase in the binary absorption co
tions (see Eq. [5]) proportional t@|y|X) and (aly|X)2 have efficient for Q—O; as the temperature decreases is larger tha
also been neglected. However, one would expect that all thédat expected from the ratio dfook(6)/1300k(6) = 1.4 from the
contributions would be small vis-a-vis the isotropic contribuPresent formulation versus 1.55 from experime)t implying
tion calculated. These additional contributions can easily Bestronger dependence of the induced dipole moment on tf
included if absolute Raman intensity measurementaboini- Separation than the'R from the long-range quadrupolar part.
tio calculations for the polarizability matrix elements become Because of the present lack of knowledge of the polarizabil
available. ity matrix elements, mainlya| y | X), and the significant dis-

For O,—N,, the theoretical value is a factor 1.7 times greatéfepancies among the previous experimental measurements
than the observed valud@). It is unlikely that the neglected O2—Oz and Q-N,, we feel that it is not worthwhile at present
contributions discussed above can account for this discreparigyintroduce adjustable parametess @ndp) in order to force
Because botkD|a, |0) ando are smaller in this case, one woulddgreement.
expect that short-range contributions neglected in the analysiginally, we consider the case of&H,0, because this sys-
above could result in appreciable absorption. As in the caset®f would account for the greatest variability of CIA in the
the fundamental CIA absorptiod 7), one could model this by Earth’s atmosphere in the 1.2ifn region. Using the theory

including a short-range component in the induced dipole haviytlined in Section 2 and the results from Table 1, the binary ab
the same symmetry; that is, sorption coefficient from the isotropic quadrupole mechanism i

1.09 x 1074 cm~2 amagat? for O,—H,0. Again, only approxi-
mate theoretical results are possible, because one would exp
1 o [(@lQIX) (Olap|O)R™ + ppe (R=2)el] 8] significant short-range effects for this system as well, given th
smallero. Nevertheless, it is clear from the ratio R of the inte-
grated intensity for @-H,O (ignoring the anisotropic quadrupo-
wherep is a range parameter apg is an adjustable strength.lar contribution, which is very small due to the smallnesg tir
Since the absorption depends on the square of the dipole, Hy®) to thatfor Q—CO,, R=0.474pu,0/ pc o, thatunder most
interference between the long- and short-range parts can eithgnospheric conditions, the CIA of;6H,0O is more important
increase or decrease the value obtained from the long-range giaih that of 3-CO,. In addition to the quadrupolar contribu-
alone. In the fundamental band, we have tion to the CIA, the allowed dipole of #0 would contribute
found previously by simultaneously fitting,@0;, O,—N,, additively to the CIA primarily through the isotropic dipolar
N2>—O;, and N—Nj results (where the first molecule makes thenechanism, where the dipole-induced dipole absorption is
vibrational transition) and all the long-range matrix elements are
known, that in order to obtain agreement, we had to introduce a
short-range component which had a similar value but a different / A(w) dw o | (4)(0],0]0)%(ala| X)2. [10]
sign for @—N, and N—O, (17).
In the present case, there are a number of additional data
that indicate the need to include short-range effects. First, tfieve consider the ratio of the integrated absorption intensity
observed @-0O, binary absorption coefficient is larger than thator the dipole-induced dipole mechanis/R'P) to that for
of O,—N;, by a factor of approximately 5.0), whereas the ratio the presently calculated quadrupole-induced dipole mechanis
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FIG. 1. The absorption A)/(oo,pH,0) in units of 10 cm~! amagat?
versus the frequenay (cm~1) at T=296 K.

(A_QI |:’), we obtain

11.

ATDID

YR 1.6 x 10%(aja|X)2.

[11]

1
Clearly, the relative importance of the dipole-induced dipole
mechanism depends strongly on the matrix elenjafit| X).
However, the value of the matrix element @f as well as
that for the anisotropic polarizabilitya|y | X), is not known

and difficult to estimate accurately. The theoretical results can

easily be refined if these values become available.

In order to assess the importance of the CIA fo—8,0 18
(utilizing the known isotropic quadrupole-induced dipole
mechanism only), we use the theoretically determined bin

absorption coefficient and a normalized lineshape function used

previously to model the fundamental vibrational transition aof
0,-0, spectra 16) to synthesize the spectrum. The results are
presented in Fig. 1 fof =296 K. The calculated §-H,O spec- 22
trum exhibits more structure than the recently measut€j (23
CIA spectrum for the 1.27:m band in pure @ The structure
arises primarily because of the larger rotational constant6f H

compared to that of @although the amount of structure is als@6

12.
13.

15.

16.

91

sensitive to the choice of lineshape. Similar spectra can easil
be generated for other temperatures. These results can be us

atmospheric radiative transmission codes to see if this CIA
significant. However, in order to determine the CIA more

quantitatively, we require a determination of the isotropic and
anisotropic matrix elementa|«a|X) and(aly|X) for O,.
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